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Introduction
Thanks to their advantages of light weight, design flexibility, and high specific stiffness and strength, composite materials have been widely used for several years as structural materials in a number of industrial sectors ranging from aviation, automotive [1, 2] , civil construction, and the sport industry [3] [4] [5] . Nondestructive testing and inspection of composite structures, both for manufacturing quality assurance and for in-service damage detection, has, over the last years, prompted the development of a number of techniques including water-and air-coupled ultrasound, bond testing, thermography, shearography and terahertz imaging [6] . A review of the mentioned methods is given by Gholizadeh [7] . Those methods were used either to detect the location of the appearing damage or to quantify its influence on the mechanical properties of the tested specimens [8, 9] .
The field of nondestructive evaluation (NDE) concentrates on the detection of significant defects, as well as material damage in early stages of degradation. Generally, the detection of the defect is determined by looking at the impulse response of the medium which can be used to image a complex medium. In standard techniques, the complete waveform is obtained with an active configuration in which an ultrasonic wave is generated at one location on the specimen and recorded at another position. In more complex media where multiple scattering and sound diffusion may occur, a novel monitoring technique has been developed in geoscience to measure the relative velocity change of different seismic waves, called coda wave interferometry (CWI) [10] .
After propagation of elastic waves in the medium, they interact several times with the several minor defects. The late part of the diffuse field is termed the "coda". The term coda originates from musical science [11] and was adopted in seismology later to refer to the CWI technique. CWI was named by Snieder [10] where they proved the possibility of detecting weak velocity changes in solids using seismic and ultrasonic coda waves. In this CWI technique, the main focus is thus given to the late part of the recorded waveform, the coda. CWI has since then successfully been used in seismology and acoustics [12, 13] . An ultrasonic wave introduced into a complex medium experiences multiple scatterings and becomes a diffuse field. A transmitted sound field can be separated into two parts: the first arrival, which consists of waves that directly travel along the path from the source to the receiver or basic reflection path than can be easily distinguished, and the diffuse part which includes the late coda contribution. The diffuse waves travel much longer through the medium than the first arrival, due to multiple scattering [14, 15] . The later the arrival, the longer the path travelled and the tighter and completer the occurred interaction with the micro-structure. Because of the longer paths, diffuse waves are more sensitive to minor changes in velocity and constitutive properties in the medium. Consequently, diffuse waves carry more micro-structural information than the first wavepackets and it is crucial to find a technique to extract that information. The CWI technique or seismic doublet method [16, 17] compares two different time series of coda elastic waves and determines their degree of correlation. The technique is widely used in geophysics and civil engineering [18] ; however, its application for composite materials inspection is relatively new.
Coda waves in composite specimens originate naturally through multiple scattering by heterogeneities and fibers. Hence, one may expect the coda to be more sensitive to encountered material damage. Recently, Zhu et al. [17] have used coda waves to determine internal stress in a polymer composite. Livings et al. [19] investigated the feasibility of coda waves to estimate the thermally induced ultrasonic velocity variation in a plexiglas plate and in a carbon fiber reinforced polymer composite plate.
In the literature, most studies concern fatigue under cyclic tensile or bending loading and have shown that, under successively increasing stress, matrix cracking is the first type of damage appearing in composites [20, 21] . These cracks, forming in the host medium (resin or matrix), gradually reach areas between the fibers. In the specific case of cyclic continuous loading, the cracks grow in the matrix and fiber/matrix interface until they reach the fibers of an adjacent layer. If the stress concentrations are sufficiently large, the fibers break; otherwise, the cracks propagate along the fiber/matrix interface of the adjacent ply causing delaminations [22] . In this report, we investigate the capability of a nondestructive method based on CWI to quantify micro-crack growth in a woven carbon fiber reinforced polymer composite. The paper is organized as follows. In the next section, the CWI theory is presented. The experimental procedure to introduce damage into a composite sample via a four-points bending test is then detailed. The evolution of the bending modulus is also calculated for a first estimation of the induced damage. The ultrasonic acquisition setup and the data processing method are then presented. The evolution of the relative velocity of the coda waves when increasing the bending loading level is computed and compared to the aforementioned bending modulus decrease. A discussion of the advantages of the method is presented at the end.
Detection of Four-Point Bend Induced
Damage via Coda Wave NDE
Coda Wave Interferometry Theory
Consider two time-invariant signals x 1 (t) and x 2 (t), where x 1 (t) designates the reference signal (without loading) and x 2 (t) the signal recorded in the damaged case (after propagation in the loaded medium). The changes in the waveforms can be quantified by computing the normalized time shifted cross-correlation parameter R(t s ) over a short-time window of length T centered at time t [17] :
correlation, or temporal coherence as called by Michaels and Michaels [23] , provides an amplitude independent measure of the similarity in the shape of the two signals when the second signal is delayed by t s . If the signal x 2 (t) is not perturbed, x 1 (t) and x 2 (t) have identical shape within the window centered at t ,
and R(t , t s = 0) = 1. When x 2 (t) is a δt time shifted version of the original wave, then
and R(t , t s ) reaches its maximum for t s = δt. Usually, the time lag δt is assumed to evolve linearly with time when the effective velocity change is homogeneous over the whole material, i.e.,
When the effective velocity change is local, or at least not distributed over the area where the CWI method is sensitive, the time lag could deviate from a linear evolution. This relation is experimentally verified in several works when considering a pure dilatation of the materials under thermal effects [19, 24] or studying weak stress effect in heterogeneous samples such as concrete [25] .
Experimental Setup
The material used in this study is a polypropylene sulfide based composite, reinforced with eight layers of woven carbon fibers with the following layering :
Two specimens of dimensions 160 mm × 25 mm × 2.4 mm along the warp and weft direction (0 0 /90 0 ) are cut from one plate of 300 mm × 300 mm × 2.4 mm, using a water jet cutter. Young's modulus is 56 GPa along the fiber's axes in both warp and weft directions. The first specimen was subjected to a four-point bending test under static loading before each ultrasonic measurement. The second one however, is used as a reference to monitor possible changes in the coda wave signals induced by variations in environmental condition.
Four-Bend Loading Tests
The applied displacement load is increased from 2 to 12 mm in 11 steps of 1 mm with ultrasonic acquisition after each displacement increment. The applied force values are indicated in Table 1 .
The sample is loaded at a constant displacement rate of 24 mm min −1 at room temperature, on a tensile test machine (Zwick Roell Z050) and in compliance with the ISO 5893 standard. The samples exhibit a response that remains near linear as shown in Fig. 1 .
This introduces a damage increase with increasing displacement. A representation of the four points bending set-up is shown in Fig. 2 .
In order to have a first estimation of the induced damage, the bending modulus reduction with applied loading displacement has been calculated. The damage is calculated as D = 1 − E n /E 0 , with E n the unloaded bending modulus for each considered applied displacement and E 0 the bending loading modulus measured for the first bending test. The obtained damage evolution function of the applied displacement is plotted in Fig. 3 . Three main steps may be distinguished. First, from 0 to 3 mm of applied displacement, no significant evolution of the bending modulus is noted yet. During this step the cracks initiate in the specimen. Then a close to linear evolution of the damage up to 0.13 is noticeable until 8 mm. The evolution of damage then stabilizes at 0.13 for an applied displacement from 9 to 11 mm. This is induced by a saturation of progressive damage. Finally, the applied displacement of 12 mm corresponds to the occur- rence of large cracks in the sample surface, consequently the value of induced damage for this displacement should be considered with caution.
Ultrasonic Measurements
Two ultrasonic measurements are performed after each test, namely for the sample subjected to bending test and for the reference sample, respectively. Two Panametrics sensors, polarized longitudinally, having 1 MHz PZT disks, and of Fig. 4 .
The total length of the signals is 1000 µs, which is sufficient to capture most of the energy in the ultrasonic field. Indeed, as it can observed in Fig. 5 , the attenuation in the composites is high, specifically for this given frequency, when we get closer to 1000 µs and this may lead to inaccurate results from cross-correlation. Both transducers are coupled (universal Sofranel coupling Gel-D) on the top surface of the plate and spaced by 83 mm. The received signals are amplified by 100 dB and averaged over 250 measurements before being recorded by an oscilloscope.
Data Processing
As mentioned in Sect. 2.2 for the sample subjected to bending, the applied displacement load is increased from 2 to 12 mm in 11 steps of 1 mm with ultrasonic acquisition at each displacement increment. In Fig. 5 two typical signals obtained for 0 mm and 3 mm are shown. Both signals present an rapid decrease from 150 µs, showing a good ultrasonic coda appearance. For the first arrival signal, i.e. in the range of [0 150] µs, the waveforms are relatively similar in both phase and amplitude as it was verified by means of cross-correlation on first arrival signal. The small difference in amplitude and phase of the first arrival can be explained by the fact that the coupling of the transducers changes slightly from one measurement to the next. However, for the later interval (coda) the signals are distinct, where one of the waveform is a time shifted version of the other.
Before defining the size of the coda windows that will be investigated further, all the recorded signals of 1000 µs long were all adjusted in time in order to have the first wave packet arrival at the same time than for the reference signal. When repeating ultrasonic measurements of samples undergoing physical changes, for instance by loading, it is important to note that there will be a slight difference between positioning two transducers at an exact Euclidean distance from one another, and positioning two transducers each at their original spot on the sample. The reason is that if the sample is deformed, the original spots on the sample may change in Euclidean distance from each other. Just as with the use of the speed of light as absolute reference, we have opted for an off-set correction based on the first arrival of sound in the experiments. Therefore, small differences caused by either imperfect positioning of the transducers on the sample or by changing the distance between those positions due to sample deformation caused by the applied bending tests, are automatically corrected. Making an off-set correction is allowed because the coda is characterized not by its actual time delay but by a time dependent time delay. Now, because the procedure is based on a calculation of correlation between the reference and the measured signal in limited sections of the entire coda wave time windows, section by section, it is important to ensure that each shifted part of the coda signal stays as much as possible within the considered section during the procedure and therefore we must minimize the off-set. Indeed, this is precisely what is done here, namely by correcting the off-set, based on the first arrival of the received signal. Indeed, the two transducers were positioned by hand after each four points bending tests on the sample on marks draw in the samples. The offset correction was done to reduce any possible influence of imperfect transducer positioning, or slight sample size alteration due to the performed loading, that could interfere with a correct estimation of relative velocity change. Note however that, despite our care in this respect, a small off-set correction hardly visible to the naked eye was applied to some of the raw signals. There was indeed never any major shift of the first wave arrivals after applied bending compared to the reference signal.
As shown in Fig. 5 , the coda part appears after the first arrivals (t > 150 µs). In this paper, we consider the coda as the part of the signal in the interval [200, 600] µs where the attenuation is still limited. It is a compromise between sufficiently multi-scattering waves (beginning of the window must therefore be sufficiently late in the signal) and the signal-to-noise ratio (end of the window should not be too much attenuated). The choice of the coda part is important to avoid apparent large fluctuations early and late in the assumed coda window.
Here, all the raw signals (coda part) have the same total length T t = 400µs and sampling time Δt = 0.002 µs. As mentioned in [16, 19] when the perturbation in the sample is small, the relative velocity change of the coda part in the signal can be considered as constant. In this configuration the time lag increases linearly with the arrival time. As a first hypothesis the damage introduced by four points bending will be considered to match this hypothesis. This will be verified with the first experimental results. As the relative velocity change is constant between two time signals (reference and damaged case for corresponding loading value), the time lag will increase linearly with the arrival time. Hence, for accurate estimation of δt, we must consider a short time correlation window section of length T in such a way that δt is as constant as can be inside this window section. Commonly, T must satisfy the coda interferometry hypothesis T * Δf 1, where Δf is the frequency band of the coda signal [26] . In our case, the frequency band of the coda signals is about 400 kHz, so for a T equal to T * Δf = 1 we have to choose T at least 2.5 µs. Here, T is set to 50 µs. In order to satisfy the interferometry hypothesis, the normalized cross-correlation coefficient R(t , t s ) is then computed by using Eq. 1. Hence, R(t s ) is computed for each window by shifting this time window over each t s increment (Δt). Note that the reference signal here is the waveform recorded without loading (0 mm). An example of R(t , t s ) is shown in Fig. 6 .
For each ultrasonic measurement, R is computed by moving the window by T /2 in the coda signals. The normalized cross-correlation coefficients and δt versus the time obtained for both samples are shown in Fig. 7 .
In Fig.7a , from 2 to 11 mm all cross correlation coefficients exhibit the same evolution with time window. In addition, the coefficient value is always around 0.8, which means that the signals have a high similarity with the reference signal (0 mm). An important decrease of the coefficient is, however, noticed for the signal recorded at 12 mm. In b Time lag δt estimation using the cross-correlation coefficient between both windowed signals addition, its evolution with time window is very different from the other signals. This can be explained by the appearance of large cracks on the surface of the sample. Therefore, no time lags were extracted from this signal. Similar trends can be observed in Fig. 7b for the reference sample where it decreases until 0.6. Under these observations, a small variation of the environmental conditions (temperature for example) may induce significant fluctuations on the crosscorrelation coefficient. Thus, the useful information from small defects can not be extracted directly from the crosscorrelation coefficient corresponding to the damaged sample.
In Fig. 7c , the time lag δt of all signals obtained for different loading values exhibit an evolution near linear with the time window which match the hypothesis made earlier about the appearance of small perturbation in the specimen, at least until 11 mm of applied displacement. The associated linear coefficient also increases with the applied loading level. This was confirmed visually in Fig. 7c and by linear curve fitting. However, in Fig. 7d , the time lag does not show significant changes. Consequently, the time lag variation is more sensitive to the occurrence of micro-cracks inside the material. Hence, this parameter can be used complementary to distinguish the signature of the defect from the environmental conditions. To estimate the velocity change, δt is then used. In this paper, the slope δt/t is estimated by taking an average of δt/t in the interval [200, 600] µs. This processing is similar, for example, to what described is by Zhu et al. [17] for a glass/epoxy composite sample under compression tests. The entire procedure is repeated for every sample (under loading and environmental conditions). The relative velocity variation δV /V = −δt/t was computed and is shown in Fig. 8 . Figure 8 shows plots of the velocity changes versus loading values for the two woven carbon fiber composite plates. Both the results from the sample subjected to bending and the sample kept undamaged are indicated. For the second sample, kept intact (continuous line in Fig. 8) , relatively low evolution of the relative velocity is noticed. The value change oscillates at low amplitude around 0, except for measurements taken after an applied bending of 7 and of 11 mm on the other sample. For this sample subjected to bending (dashed line in Fig. 8 ), the general behavior is that the velocity change decreases near linearly as the damage level increases and beyond an applied displacement of 4 mm reaches 0.125% at 9 mm. However after 9 mm, the δV /V does not vary anymore and remains around 0.125% until an applied displacement of 11 mm. The evolution of the δV /V is very similar to the decrease of the bending modulus which can be recover from the evolution of damage that is plotted in Fig. 3 . In order to confirm it, both the normalized decrease of the bending modulus (E n /E 0 ) and the relative velocity change are plotted on the same graph in Fig. 9 for comparison purpose. The three steps of the damage indicator evolution can clearly be observed on both cases. They are, first an absence of variation, then a near linear decrease and finally a saturation of the evolution of the damage indicator.
Conclusion
CWI of diffuse ultrasonic signals has been investigated as a means of detecting and discriminating micro-cracks caused by static loading, inside a woven carbon fiber reinforced composite sample. The correlation coefficient between a waveform measured in the damaged state and a baseline signal is a quantitative measure of how much the similarity (i.e., the shape) has changed compared to the reference signal (healthy state) as a function of time from the transmitted pulse. The evolution of this coefficient shows significant decrease for high values of applied loadings. A quantitative study of the relative velocity change is therefore proposed. The time lag change (or relative velocity change) between a waveform measured in the damaged state and a baseline signal is a quantitative measure of how much the signal is shifted compared to the reference signal (healthy state) as a function of time from the transmitted pulse; this analysis parameter provides the best discrimination for the data shown here. We noticed the beginning of the evolution at 4 mm, then a near linear evolution up to 9 mm, and finally saturation of the damage increase until 11 mm. It was observed that this description of the damage is very similar to the measured decrease of the bending modulus. The bending modulus could be monitored and an alarm could be activated when the decrease reach a limited point when large cracks may have been reaches. The overall methodology is very promising for structural health monitoring because of its sensitivity to small defects, nondestructive aspects and the continuous time monitoring of the health condition of composites. Future investigations should consider samples submitted to fatigue damage; such tests are indeed closer to the solicitation that a structure may undergo in the industrial field.
